We report fluorescence in situ hybridization (FISH) mapping of 152, mostly de novo, apparently balanced chromosomal rearrangement (ABCR) breakpoints in 76 individuals, 30 of whom had no obvious phenotypic abnormality (control group) and 46 of whom had an associated disease (case group). The aim of this study was to identify breakpoint characteristics that could discriminate between these groups and which might be of predictive value in de novo ABCR (DN-ABCR) cases detected antenatally. We found no difference in the proportion of breakpoints that interrupted a gene, although in three cases, direct interruption or deletion of known autosomal-dominant or X-linked recessive Mendelian disease genes was diagnostic. The only significant predictor of phenotypic abnormality in the group as a whole was the localization of one or both breakpoints to an R-positive (G-negative) band with estimated predictive values of 0.69 (95% CL 0.54-0.81) and 0.90 (95% CL 0.60-0.98), respectively. R-positive bands are known to contain more genes and have a higher guanine-cytosine (GC) content than do G-positive (R-negative) bands; however, whether a gene was interrupted by the breakpoint or the GC content in the 200kB around the breakpoint had no discriminant ability. Our results suggest that the large-scale genomic context of the breakpoint has prognostic utility and that the pathological mechanism of mapping to an R-band cannot be accounted for by direct gene inactivation.
Introduction
With conventional microscopic analysis of banded chromosomes, structural chromosome rearrangements without apparent gain or loss of chromosome material are observed to have an estimated combined live-birth prevalence of 0.52%. 1 The observed frequencies of different classes of apparently balanced chromosome rearrangements (ABCR) in unselected-newborn studies via banded chromosome analysis are as follows: reciprocal translocations (0.17%), robertsonian translocations (0.1%), pericentric inversions (0.03%), and paracentric inversions (0.01). Fourteen percent of ABCRs occur de novo, and the combined mutation rate has been estimated as 3.7 3 10 À4 . Familial ABCR cases are inherited maternally and paternally at almost equal rates.
Most individuals carrying an ABCR will have no medical problems as a result of the chromosomal anomaly. However, ABCRs can cause disease in a minority of cases and families. The most direct evidence for this comes from the study of families in which an ABCR segregates with a Mendelian disorder. Here, molecular characterization of chromosomal breakpoint in such families has been of great utility in the identification of many human-disease genes, including dystrophin, 2 Menkes disease, 3 FOXC1, 4 and NSD1. 5 Less direct evidence for the pathogenic nature of a minority of ABCRs is provided by the consistent observation of an increased frequency in cases with undiagnosed learning disabilities. [6] [7] [8] [9] [10] [11] [12] [13] Clinical follow-up studies of de novo ABCRs (DN-ABCRs) identified through prenatal diagnostic cytogenetics show a 3%-10% risk of serious malformations and learning disabilities. 14, 15 In cases in which a fetus has no detectable structural malformation, counseling prospective parents regarding the clinical significance of a de novo ABCR detected prenatally is difficult because there is no method of discriminating the minority of breakpoints associated with major medical effects. We hypothesized that rapid molecular characterization of ABCR breakpoints could aid such discrimination, and to test this we have used a strategy analogous to a case-control study, mapping the DN-ABCR breakpoints in a series of cases with adverse phenotypes and in a similar number of phenotypically normal cases. We show that only one breakpoint characteristic, localization to an R-positive band, was ''predictive'' of abnormal outcome in the group as a whole. However, in individual cases, the presence of a submicroscopic deletion or duplication or the direct interruption of a known autosomal-dominant or X-linked disease gene provides clinically useful information.
Subjects and Methods

Patient Data
Apparently balanced chromosome rearrangements (ABCRs) for both the case and control groups were ascertained via the clinical and cytogenetic records of regional genetics services. Written consent was obtained from individuals or parents/guardians for the mapping of the translocation breakpoints with a mechanism approved by the UK Multicenter Regions Ethics Committee. The main inclusion criterion was the presence of a chromosomal rearrangement that was considered balanced on conventional banding analysis. De novo cases were chosen for analysis where possible. ABCRs were assigned to the case group if a phenotypic abnormality was present, was plausibly genetically determined, and could not be explained by another cause. Cases were assigned to the control group only if they were > 6 years old and considered to have normal neurocognitive development-regarding developmental milestones and educational performance-and no other obvious phenotypic abnormality on the basis of clinical reassessment by an experienced clinical geneticist.
General Aspects of FISH Analysis
Metaphase chromosomes were prepared from fixed cell suspensions from peripheral blood, cultured amniocytes, or lymphoblastoid cultures via standard clinical methods. One case, T86-0404, was mapped on isolated nuclei from paraffin sections with a combination of chromosome paints and locus-specific BAC (Bacterial Artificial Chromosome) probes, as previously described. 16 
Mapping Strategy
A strategy for rapid fluorescence in situ hybridization (FISH) mapping was developed with a staged approach determined by the genomic context of each breakpoint. A set of large-insert BAC and PAC clones (a kind gift from Dr. Nigel Carter of Wellcome Trust Sanger Institute), spaced at intervals of approximately 1Mb throughout the genome, were utilized during the first stage. 17 FISH probes were chosen to cover 10-20Mb around the cytogenetic breakpoint band to both flank the breakpoint and screen for large deletions, duplications, or rearrangements at or close to the breakpoint. The second stage began once breakpoint-flanking probes were identified from the 1Mb clones. A contig of BAC, PAC, or fosmid clones that span the breakpoint interval of~1Mb was identified with UCSC or Ensembl genome browsers and the clones. FISH analysis of all of the probes in the contig was done to identify breakpoint-spanning clones in most cases. This approach allowed us to ''walk through'' the breakpoint with a minimum of 600 Kb (three clones) and a maximum of 2 Mb (ten clones) of sequence checked for BAC-sized deletions around the breakpoint. If no genes were present in the breakpoint clone or if a single gene was interrupted, then no further mapping was performed, because our goal was to determine the gross genetic pathology rather that the precise breakpoint.
A third stage of mapping was performed if the breakpoint clone contained multiple genes, in order to determine which gene, if any, was disrupted. The breakpoints were then further delineated with FISH probes generated by PCR. Primers were designed, via the Primer3 program (see Web Resources), from genomic sequence to generate 10 Kb probes. PCR reactions were performed with the Expand Long Template PCR kit (Roche) according to the manufacturer's conditions. Products were purified with a Qiaquick PCR purification kit (QIAGEN) and labeled by nick translation with digoxigenin-11-dUTP. Details of all primers are available on request.
Microarray Analysis
1Mb 'CytoChip' microarrays were used for array-based comparative genomic hybridization (array-CGH) analysis (BlueGnome Ltd, UK). Genomic DNA from the standard DNA and from each case was labeled by random priming (Invitrogen, UK) with Cy5-dCTP and Cy3-dCTP to allow for dye-swap analysis. Hybridization and washes were performed on a HS 400 Pro hybridization station (Tecan, UK). Each subarray was prehybridized for 45 min at 37 C with 1.5 mg of herring sperm DNA (Sigma-Aldrich, UK) in 75 ml of hybridization buffer (50% formamide, 7% dextran sulfate, X2 saline sodium citrate [SSC], 10 mM Tris-HCl pH 7.5, and 0.1% Tween 20) . Test and reference samples were mixed, coprecipitated, and resuspended in a 75 ml hybridization solution that also contained 2.5 mg/ml Cot-1 (Invitrogen), denatured at 75 C for 15 min, incubated for two hours at 37 C to block repetitive sequences, and hybridized for 21 hr. Post-hybridization washes were performed via three wash cycles in each of PBS/0.05%Tween at 37 C, X 0.1 SSC at 54 C, and X1 PBS at 37 C, and a final wash was performed in PBS/0.05%Tween at 23 C. Slides were dried with high-purity nitrogen and then stored in darkness. Arrays were scanned with a GenePix Pro 5.0 array scanner (Axon Instruments, UK) and analyzed with BlueFuse for Microarrays analysis software version 3.4 (BlueGnome, UK). Exclusion criteria were set for clones of which (1) confidence values were less than 0.3, (2) replicates had a standard deviation > 0.1, (3) dye-swap replicates had a standard deviation > 0.2, or (4) a quality flag < 1 existed. For all array hybridizations, < 95% of clones were expected to be included for analysis. 99.5% of the clones were used in the final analysis and interpretation. Data lying beyond three standard deviations were considered to be within the region of copy-number change.
Bioinformatic Analysis and Statistical Methods
The genomic coordinates of each breakpoint-spanning clone were determined by searching of the publicly available human genome with UCSC or Ensembl Genome browsers. In order to compare breakpoints mapped to different resolutions, windows of various sizes (200, 500, 1000, and 5000Kb) were defined around each breakpoint. The Ensembl genes track was used to identify genes disrupted by breakpoints that had been mapped. The per-base conservation scores for each~200 Kb region around the breakpoint using the scores from the phastCons Gene-Ontology (GO) terms associated with each of the directly disrupted genes were retrieved with the Ensembl genome browser.
Comparisons between cases and controls in the numbers of observations in two different categories were made with Fishers Exact Test. A two-tailed test was used for all comparisons except that involving the comparison of the numbers of cases and controls with deletions in cis with one or both breakpoints where a one tailed test was used.
Binary Logistic Regression was used to identify those variables most important in distinguishing the breakpoints found in the normal and abnormal groups of individuals. The positive predictive value was estimated as the proportion of abnormal individuals to total individuals with a particular feature. A significance level of 0.05 was used throughout. Confidence limits were calculated via the method of Newcombe and Altman (2000). 18 All other calculations were made with SPSS version 14.
Results
General Data
A total of 76 unrelated cases (152 cytogenetically visible breakpoints) were analyzed. FISH mapping was performed on 46 individuals in whom the ABCR was associated with an abnormal phenotype (termed cases) and on 30 individuals who were apparently normal at the time of clinical assessment (termed controls). Table 1 summarizes the clinical and cytogenetic features of these cases and controls. Forty-two of the 46 cases and 25 of the 30 controls were de novo translocations. Table 2 documents the numbers of cases in each of the general clinical categories. Of the 152 ABCR breakpoints, 138 (90.8%) were mapped at a resolution equivalent to a single BAC clone (~200 Kb). Fourteen breakpoints were mapped at a lower resolution, due to repetitive genomic regions (e.g., pericentromic repeats) or exhaustion of clinical material.
Microdeletions or Microduplications
The staged FISH strategy detected deletions in cis with one or both breakpoints in 6/46 (0.13, 95% CI 0.06-0.26) of the cases and in 0/30 (0.0, 95% CI 0.0-0.11) of the control ABCRs (p < 0.05). Three cases had deletions contiguous with or very close to an ABCR breakpoint: Case BL02-0828, with premature menopause, had a single BAC deletion at 
the 11 breakpoint of t (X;11)(q21.2;q13.5), no genes were identified in either the deleted or 200Kb of the flanking genomic sequence. Case BL02-2567, with agenesis of the corpus callosum, Dandy Walker malformation, and craniofacial dysmorphisms with inv(1)(q32.1q44), had a deletion % 3 Mb in size encompassing at least nine genes, at or close to a telomeric breakpoint as part of a complex cryptic rearrangement. 19 Case BL03-2183, with primary amenorrhoea associated with t(5;14)(q15;q24), was shown to have a cryptic complex rearrangement at the 5q breakpoint with a 1.8 Mb deletion encompassing three genes, FBXL2, FER, and PJA2, flanked by a region of chromosome 5q that was duplicated through an insertional translocation to 6q. Three cases had deletions in cis that were a significant distance from an ABCR breakpoint: B99-1983 had an unusual brachydactyly associated with microcephaly and learning disability with t(13;18)(q31.1;q22.1). A 5 Mb deletion involving up to five genes was identified~6 Mb from the 13q31.1 ABCR breakpoint. CMS5859, with anophthalmia, esophageal atresia, genital malformations (AEG) syndrome, had a 2.1 Mb deletion, including SOX2, 9 Mb from the 3q translocation breakpoint. CV1456 has MowatWilson syndrome caused by a 3 Mb deletion that includes SIP1. This deletion was 30 Mb from the 2q breakpoint in the associated t(1;2)(q24.2;q31.3).
In order to exclude the possibility that duplications or deletions elsewhere in the genome were contributing to the phenotypic effects in the case group, array CGH analysis was performed via CytoChip V1.0 on 12 (26.1%) ABCR cases. No deletion or duplication was identified that was not documented as a copy-number polymorphism.
Genes Directly Disrupted by Breakpoints
The genes directly disrupted by the mapped breakpoints are documented in 
Disrupted genes in both cases and controls were large, mostly extending over 100 kb or more of the genome, with many large introns, characteristic of the genes found in AT-rich regions 20 (Table 4) . Disrupted genes ranged in size from ANXA1 (13 exons, covering 18 kb) to HS6ST3 (2 exons, covering 742 kb). Only eight genes were smaller than the genome-wide mean genomic length, five of which were in cases associated with an abnormal phenotype. Details of the individuals in whom both breakpoints could be fully categorised are given in Table 5 .
Among the cases with a phenotype, 3/25 (12%) of the disrupted genes have previously be shown to have pathogenic mutations associated with specific Mendelian disease: In ROOJA with t(5;7)(q21;q33), the 5q breakpoint interrupts RASA1, mutations of which cause Capillary MalformationArteriovenous Malformation (OMIM 608354). ROOJA is a complex case with severe neurocognitive impairment and short stature. On reexamination she was found to have several small capillary malformations compatible with this diagnosis. F03-0432 was identified antenatally with multiple renal cysts, somatic overgrowth, and a de novo t(X;8)-(q26.1;p23.1). In this case the X breakpoint disrupts GPC3, the causative gene for the X-linked recessive disorder Simpson-Golabi-Behmel syndrome (OMIM 312870). The morphological abnormalities in this fetus were compatible with this diagnosis, although this diagnosis was not made until the mapping results were available. NCL-B04-2316 was a male infant with severe cardiac malformations and t(3;6)(q23;p21.1), the 6p breakpoint interrupted RUNX2, which when heterozygously mutated causes cleidocranial dysplasia (OMIM 119600). Radiological review of this case showed previously unsuspected absence of the clavicles. In controls, 1/20 of the disrupted genes (5%) has associated Mendelian diseases; in BL03-2725, the 14q21 breakpoint interrupts GALC, mutations in which cause the recessive neurometabolic disorder Krabbe disease (OMIM 245200).
The only biological-process-category GO terms associated with more than one gene were those for ''transcription/regulation of transcription'' and ''signal transduction/intracellular signaling.'' We note that 4/25 (0.16, 95% CI 0.06-0.35) genes disrupted in cases with a phenotype were associated with GO terms for transcription and regulation of transcription (SATB2, RUNX2, RXRA, and CUTL1), while 0/20 (0.0, 95% CI 0.0-0.16) genes disrupted in controls had these GO terms.
Cytogenetic Features of Breakpoints
Chromosomal bands were assigned to each breakpoint with the cytogenetic band track in Ensembl. Figure 1 shows the distribution of breakpoints across all of the chromosomes. No breakpoints are found on 10p, 16p, 17p, 19p, 19q, or 21. No bias toward telomeric bands was identified. Figure 2 shows the distribution of breakpoints in the various chromosome bands: G-positive/R-negative (Gþve) bands (G1 darkest, G4 palest), R-positive/G-negative 
Genomic Context of Breakpoint Regions
The level of cross-species conservation in the~200Kb window around the breakpoints was significantly higher in cases than in controls (mean conservation score 5 standard error of the mean [SE] 0.191 5 0.003 cf 0.180 5 0.004). No significant differences between cases and controls were identified in GC content (Mean % GC content 5 SE cases 39.99 5 0.51 compared with controls 40.14 5 0.65) or in the number of genes (200 kb window mean numbers of genes in cases and in controls were 1.45 and 1.80, respectively). No differences between cases or controls were found in the number of segmental duplications around the breakpoints (data not shown). On metaphase FISH analysis, most breakpoint BAC clones showed little or no significant crosshybridization, suggesting that they contain only a small amount of sequence duplicated elsewhere in the genome. Several breakpoints mapped to sites of large-scale segmental duplications that can mediate deletion and duplication rearrangements. 24 In the case BL02-3104, the 22q breakpoint region could not be mapped to less than 500 kb given the LCR-B low copy repeat. Three breakpoint-spanning BACs contain clusters of olfactory receptor genes, two in cases with no phenotype (B97-0349 3p14; EDINN 14q11.2) and one in a case with phenotype (CV1222 1q32). None of the segmental duplications have paralogous sequences at the breakpoint in the other chromosome involved in the translocation or inversion. Copy-number variants were found at 4/89 breakpoints (4.6%) in cases with a phenotype (CV345 6p23; BL02-3104 22q11; BL03-1791 7q32.2; B00213 7p21.1) and at 5/60 (8.3%) breakpoints in the control group (B97-0349 11q12.2; EDINN 14q11.2; BL03-1979 6q23.2; B01-2804 4p16.1; BL03-2435 6q21). It was observed that 16/28 (57%) synteny breaks occur between chicken and human, and 7/28 (25%) occur between mouse and human. No significant differences were seen between cases and controls.
Multivariate Analysis and Positive Predictive Values
Binary logistic-regression analysis was carried out in an attempt to identify those variables of most importance for distinguishing the breakpoints in the normal and abnormal groups of patients. In the first set of calculations, the variables considered were: whether an interrupted gene had a GO ontology suggesting that it encoded a DNA-binding protein or transcriptional regulator (Gene Class), whether the mapped breakpoint was in a Gþve or Rþve band (G/R), whether the breakpoint disrupted a gene (GeneBroken), whether there was a deletion or duplication at the breakpoint (Del/Dup), and the level of conservation in a 200Kb window around the breakpoint (cons200).
If all of these variables were included in the regression equation, only the coefficient of G/R was statistically significant (p < 0.01). With Forward Stepwise Conditional Method, only the G/R term was included in the equation. The analysis was repeated, including the variables calculated for a 200Kb window around the breakpoint: percent GC content (GC200), number of CpG islands (CpG200), number of genes (Genes200), and number of exons (Exons200). The results were essentially unchanged, with only the coefficient of G/R statistically significant.
There were 27 normal and 40 abnormal individuals for whom both breakpoints were classified as being in a Gþve or Rþve band. Among the control group, 15 individuals had two Gþve breakpoints, 11 individuals had one Gþve and one Rþve breakpoint, and one individual had two Rþve breakpoints. Among the cases, the numbers were 13 (Gþve/Gþve),18 (Gþve/Rþve), and 9 (Rþve/ Rþve). The positive predictive value of abnormality for an individual who has one breakpoint in an Rþve band was 27/39 (0.69, 95% CL 0.54-0.81), and for individual who has two breakpoints in an Rþve band the value was 9/10 (0.90, 95% CL 0.60-0.98).
Discussion
This study was motivated by a specific and common clinical problem in prenatal genetic counseling: a fetus identified with a de novo apparently balanced chromosomal rearrangement (DN-ABCR). We asked the question, ''Can we identify breakpoint characteristics associated with phenotypic abnormality in DN-ABCR cases that might be of predictive use in prenatal cases?'' We chose to FISH map breakpoints of a large series of DN-ABCR cases for which adequate clinical-assessment and follow-up data were available. This enables comparison of individuals with and without phenotypic abnormality, somewhat analogous to a case-control study, and has resulted in the largest series of molecularly characterized DN-ABCR breakpoints reported to date. From the reported molecular pathology in ABCR cases associated with a Mendelian disease, we hypothesized that abnormal outcome would be associated with the following breakpoint characteristics: the presence of aneuploidy in cis or trans, direct interruption of a transcription unit, disruption of cis-regulation of developmentally critical genes, or, more speculatively, alteration in chromatic state.
As predicted, the presence of a deletion or duplication in cis was statistically more common in the case group. In two cases, the identification of a deletion, either at the breakpoint or in cis with the breakpoint, confirmed suspected clinical diagnoses of SOX2 anophthalmia syndrome 25 and Mowat-Wilson syndrome, 26 respectively. In the other four cases, the finding of aneuploid segments provided a plausible explanation for the clinical phenotype, although unambiguous assignment of pathogenesis was not possible given the complex and/or unique nature of the mutations. In all aneuploidy, useful prediction of clinical consequences is possible only if consistent clinical features are documented in individuals with overlapping aneuploid regions. Such clinical interpretation will be considerably aided by the continuing growth of publicly accessible repositories of phenotypes associated with molecularly-characterized structural chromosome anomalies, such as DECIPHER. Previous studies using array-based comparative genomic hybridization (aCGH) in ABCR cases 27, 28 have reported frequent abnormal copy-number variants on chromosomes not involved in the breakpoints. We found no examples of this in the 12 cases studied with aCGH. This discrepancy could be explained by the different exclusion criteria; most significantly, we excluded all complex rearrangements and cases with uncertainty about whether the karyotype was balanced. However, it is clear that a genome-wide technique to assess copy-number variation may be indicated in ABCR cases with an abnormal phenotype. Whether this investigation will provide useful predictive information in the prenatal context must be the subject of future studies.
The most surprising result from the study was the lack of difference in the proportions of breakpoints that resulted in disruption of a gene between cases and controls. In three cases, the pathogenic nature of one breakpoint was clear because mapping demonstrated that a known autosomaldominant or X-linked recessive disease gene was interrupted: Capillary Malformation-Arteriovenous Malformation syndrome (RASA1; OMIM 608354) and Cleidocranial Dysostosis (RUNX2; OMIM 119600) were identified as part of more complex malformation syndromes, and Simpson Golabi Behmel (GPC3; OMIM 312870) syndrome was identified in a prenatally ascertained case. Only one known disease gene was interrupted in the control group, and this gene causes an autosomal-recessive disorder, Krabbe disease (OMIM 245200). The carrier frequency of this rare condition is low; thus, it is not surprising that this individual was unaffected. The gene-ontology classifications of the disrupted genes were not clearly different between the groups but did suggest that signal transduction and DNA binding might be overrepresented among cases. As expected, the physical size of the interrupted genes in both cases and controls was several times larger than the genome average, presumably due to the larger ''target size'' for mutation.
The only significant ''predictor'' of phenotypic abnormality in the group as a whole was whether one or both breakpoints mapped to Rþve bands (taken in this study to be synonymous with G-negative bands). 29 Rþve bands account for almost half of the genome, and they are considered to be GC-rich, be early replicating, be methylcytosine-rich, and to contain most housekeeping and tissuespecific genes. 22 Nagakome and Chiyo 30 noted that the breakpoints in structural chromosome rearrangements were mostly in R-bands. This observation was supported by subsequent reports. 31 Savage, however, suggested that the ''Nakagome phenomenon'' could be an artifact caused by the natural tendency of the human brain to interpret patterns with dark bands and thus overassign breakpoints to light bands. 32 Our study was FISH based and used only molecular assignment of R-band status; it was thus immune to this artifact.
The predictive effect in ABCR breakpoints cannot be accounted for by any of the reported features of Rþve bands. In particular, the GC content, gene density, and CpGisland density are very similar between cases and controls in a 200Kb window around the breakpoints. The proportion of breakpoints that interrupt genes is similar in both groups, suggesting no clear mechanism for this strong predictive effect. It is possible that one of the major drivers for the abnormal phenotypic outcome is disruption of cis-regulation of developmentally critical genes. This is difficult to prove, because the mechanism of cis-regulatory effects and the size of the domains of action are not yet clear. In this regard, it is interesting that the mean conservation score in the 200 Kb window around the breakpoints was significantly higher in cases compared to controls.
There are several limitations to this study. The most obvious is that it is impossible to be certain that the DN-ABCRs in our ''control'' group are truly benign, given that individuals in this class may develop future disease. We have tried to minimize this with careful clinical assessment. However, age-specific defects might be impossible to identify depending on the age of the subject; e.g., infertility in a child. Most of the cases were ascertained for two UK clinical-genetics departments and were not chosen for any specific phenotypic characteristic. However, in the course of the study several DN-ABCR cases associated with eye malformation or orofacial clefts were sent to us because of our long-standing research interest in these birth defects. This could introduce a bias in the case group. We have sought to address this by including only the first cases that involved a specific disease gene (e.g., SOX2) in the analysis. We have also reanalyzed the data, removing these additional cases-this made no significant difference to the results (data not shown but available on request).
An important secondary aim of the study was to determine if FISH mapping of individual ABCR cases was practical as an antenatal clinical test. Generally, identifying a breakpoint BAC clone required two rounds of BAC FISH analysis, each with ten probes per breakpoint. The first round was for identification of 1Mb flanking clones. The second round was for identification of a breakpoint clone from a contig of clones that spanned the flanking clones. A third round of FISH analysis with PCR probes was performed if the genetic pathology was not clear from the BAC FISH. The requirement for a third round of FISH was a hindrance to the timely completion of the analysis. Another source of delay resulted from ordering of the BAC clones with which to fill in the contig between the 1Mb clones, but this could be solved by having all BAC tilingpath clones available locally. In many cases it would be possible to complete the analyses within two weeks. This makes ''real-time'' clinical analysis a realistic option with chorionic villus sampling, but it would be restricted to laboratories with specialized molecular cytogenetic capabilities. It thus seems unlikely that such clinical analysis will become routine in the short term because of both the practical difficulties in the high-throughput FISH analysis and the uncertainty regarding the genetic counseling of cases without Mendelian disease-gene involvement or significant aneuploidy.
In conclusion, the molecular characteristics of the breakpoints do have apparent predictive value. However, there is significant heterogeneity in the pathogenic mechanism. Indeed, the genetic mechanism underlying with strongest predictor of abnormal phenotypic outcome, localization to Rþve bands, remains obscure.
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